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1.  INTRODUCTION 


Interest  in  nitrided  silicon  dioxide  as  the  gate  dielectric  in  MOS  structures  has  increased  be¬ 
cause  this  material  promises  greater  reliabili^  in  stressing  environments  [1-4].  Recently,  the 
radiation  hardness  of  reaxidi»d  nitrided  oxides  has  been  shown  to  be  superior  to  that  of  thin 
oxides  [S-7].  In  this  report  we  present  the  results  of  total-dose  testing  of  thin  nitrided  oxides 
that  have  b^n  nitridiz^  at  temperatures  of  950, 1050, 1100,  and  1150*C  for  nitridation  times 
of  45  to  300  sec.  The  radiation  response  of  these  nitrided  oxides  is  compared  to  that  of  an 
unnitridized,  radiation  hard,  control  oxide,  ^^ous  nitridized  oddes  were  reoxidized  for  30 
sec  at  1150*C  and  total-dose  irradiated.  These  results  are  compared  to  those  of  the  nonirra- 
diated  control  and  nitrided  oxides. 

lb  aid  in  the  analysis  of  these  results,  the  radiation-induced  charge-trapping  model  of  Krantz 
et  al.  [8]  has  been  extended  to  include  electron  trapping  and  applied  to  the  experimental  data 
to  simulate  the  results.  Parameters  derived  from  the  simulation  are  used  to  interpret  qualita¬ 
tively  trends  in  the  data  in  terms  of  electron  and  hole  trap  distributions. 

The  data  will  show  that  oxides  nitridized  at  950*C,  whether  reoxidized  or  not,  accumulated 
substantially  more  fixed  charge  than  either  the  control  oxides  or  any  of  the  other  nitridized 
oxides.  Samples  nitrided  at  1100  or  1150*C,  reoxidized  or  not,  will  be  shown  to  exhibit  a  radi¬ 
ation  response  similar  to  that  of  the  control  oxides.  On  average,  the  reoxidation  of  oxides  ni¬ 
trided  at  1050*C  will  be  shown  to  accumulate  less  fixed  charge  than  did  the  controls. 

The  analysis  will  indicate  that  (1)  the  nitridation  of  mddes  creates  hole  traps  as  well  as  elec¬ 
tron  traps,  (2)  the  location  of  hole  and  electron  traps  depends  on  nitridation  time,  and  (3)  the 
concentration  (and  location)  of  hole  and  electron  traps  depends  on  whether  or  not  nitridized 
oxides  are  reoxidized. 

In  Section  n  the  experimental  details  and  the  measurement  results  are  given  and  discussed. 

In  Section  m  a  summary  of  the  trapping  model  of  Krantz  et  al.  [8],  relevant  to  the  experimen¬ 
tal  conditions,  is  given,  the  model  is  extended  to  include  electron  trapping,  and  the  details  of 
the  data  simulation  are  described.  In  Section  IV  the  experimental  results  are  discussed  in 
light  of  the  model  and  simulation  results.  Wb  conclude  by  sununarizing  our  findings  in  Sec¬ 
tion  V. 
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II.  EXPERIMENTAL  DETAILS/RESULTS 


Capacitors  were  fabricated  using  a  low  temperature,  radiation-hardened  gate  oxide  process. 
The  starting  substrates  were  n-type,  0.6  ohm-cm  (1  x  10^^  cm~^  doping  density)  material.  The 
oxide  thickness  was  150  A.  The  oxides  were  nitrided  for  times  from  45  to  300  sec  at  tempera¬ 
tures  ranging  between  950  and  1150*C.  For  re(»ddized  samples,  reoxidation  was  done  from 
1000*C  to  1150*C  and  for  times  from  30  to  120  sec.  The  gate  electrodes  were  formed  from 
3000-A  POCB-doped  polysilicon  with  an  evaporated  3000-A  Ti  layer  and  a  3000-A  A1  layer. 
The  capacitors  were  defined  by  means  of  a  ^-etch  lithographic  step. 

Pre-  and  post-irradiation  midgap  voltages  were  determined  from  high-frequency  (1  MHz)  C-V 
measurements.  Irradiations  were  performed  in  a  10-keV  x-ray  test  system  at  a  dose  rate  of 
250  krad(Si)/min.  Capacitors  were  biased  at  -5, 0,  and  +5  V  during  irradiations  The  C-V 
measurements  were  performed  in  situ.  The  maximum  dose  delivered  was  5  Mrad(Si).  Shown 
in  Figures  1  through  5  is  the  radiation  response  versus  total  dose  of  various  samples.  The 
response  is  shown  as  the  midgap  voltage  shift  normalized  by  q  t^K/e.  where  q  is  the  elemental 
charge,  tox  is  the  dielectric  (oxide,  nitrided  oxide,  or  reoxidized  nitrided  oxide)  thickness  and  e 
is  the  permittivity  of  the  dielectric.  The  response  is  given  in  units  of  1  x  10^®  cm”^  and 
denoted  as  “Effective  Fixed  Charge  DensiQr.”  This  normalization  was  chosen  to  normalize  the 
effects  of  slightly  different  permittivities  of  the  nitrided  oxide  films  and  the  slightly  increased 
dielectric  thickness  of  the  reoxidized  films.  For  example,  the  largest  dielectric  constant  meas¬ 
ured  for  the  nitrided  oxides  was  about  4.15  and  the  reoxidized  film  thicknesses  were  nominally 
about  161  A.  All  other  samples,  oxide  and  nitrided  oxide,  were  150  A  thick. 

In  aU  figures  the  open  circles  represent  the  zero-gate-bias  results,  the  plus  signs  represent  the 
positive-bias  (+5  V)  results,  and  the  crosses  represent  the  negative-bias  (-5  V)  results.  Tb 
guide  the  eye,  the  solid  curves,  which  are  exponential  fits  to  the  data  of  the  form  No[l  - 
exp(-D/I>o)],  where  D  is  the  total  dose,  are  shown.  For  convenience,  the  conversion  from 
effective  fixed-charge  densi^  to  midgap  volta^  shift  is  given  in  each  figure.  The  vertical  axes 
in  Figures  1  through  4  are  close  to  200  mV  full  scale  when  converted  to  midgap  voltage  shifts. 
The  vertical  axis  in  Figure  5  is  about  100  mV  full  scale  when  converted. 

Figure  1  shows  the  radiation  response  of  the  radiation-hard,  unnitrided  control  oodde.  The 
results  shown  in  Figure  1  are  as  expected  for  the  radiation  response  in  (»ddes,  i.e.,  the 
positive-bias  results  exceed  those  for  negative  bias,  which  in  turn  are  larger  than  the  zero-bias 
results.  This  is  true  over  the  whole  range  of  total  dose,  from  0.0  to  5  Mrad(Si). 

Figures  2  through  4  show  the  radiation  responses  of  samples  nitrided  at  1150*C  for  60, 150, 
and  300  sec,  respectively.  For  the  sample  nitrided  for  60  sec,  the  negative-bias  results  are 
worse  over  the  whole  total-dose  range  than  either  the  positive-  or  zero-bias  results. 
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Figure  1.  The  effective  ffxed-diarge  density  of  the  ISO-A  lad-haid 
control  oxide  (in  1  x  10^^  cin~^  vs  total  dose  for  a  +  S-V  gate  bias  (plus 
signsX  a  -5-V  gate  bias  (crossesX  and  a  0.0-V  gate  bias  (c^esX  Mea¬ 
sured  data  are  represented  by  the  tyndxds.  The  corves  are  exponential 
fits  (see  text)  to  the  data. 


Figure  2.  The  effective  fixed-diarge  density  (in  1  x  10^**  cni~^  for  ck- 
ides  nitridized  at  IISO'C  for  60  sec  vs  total  dose  for  a  +5-V9Uebias 
(plus  signsX  a  -5-V  gate  bias  (oossesX  and  a  0.0-V  gate  bias  (didesX 
Measui^  data  are  represented  by  the  tyndx^  The  curves  are  eaqjo- 
nentkl  fits  (see  text)  to  the  data. 


6 


IHgure  S.  The  effective  fixed-diatge  density  0^  1  x  10***  cm~^  for  « 
reondized  nitrided  aside  nitridized  at  10S0*C  for  120  sec  and  reosi- 
dizedat  11S0*C  f<^  30  sec  vs  total  dose  for  a  +S>V  gate  bias  ^ns 
signsX  a  -S- V  gate  bias  (cfx)sses)»  and  a  OJi-V  gate  bias  (drdesX  Mea¬ 
sured  data  are  rqMesented  by  the  tymtx^  The  curves  are  eiqxMiential 
Cu  (see  test)  to  the  data. 


The  magnitude  of  the  native-bias  response  in  this  sample  is  about  the  same  as  that  of  the 
positive-bias  response  in  the  ccmtrol  oodde  shown  in  Figure  L  Hiis  behavior  can  be  explained 
by  the  introduction  of  hde  traps  near  the  gate,  as  weD  as  by  the  introduction  of  electron  trs^ 
with  nitridation.  The  increase  in  the  zero-bias  radiation  response,  compared  to  that  of  the 
contrtri  oxide,  can  also  be  explained  by  the  introduction  of  hde  traps  during  nitridation.  Fart 
of  the  increase  in  the  zero-bias  results  of  Figure  2  may  be  account^  for  by  a  slight^  in¬ 
creased  average  electric  field  across  the  san^)le  (which  decreases  geminate  recombiMtion, 
yielding  more  carriers  available  finr  trapi^X  larger  fidd  is  due  to  a  larger  flat-band 
vdtage  (-0.46  V)  in  this  sample  as  a  rmult  ck  nitridation. 

Figure  3  shows  the  results  for  samples  nitrided  at  1150*C  for  150  sec.  Oialitatively  these  re¬ 
sults  are  very  similar  to  the  resuhs  shown  in  Figure  2  ^.e^  the  n^tive-trias  response  exceeds 
the  positive-bias  response  and  at  zero  bias  die  response  is  less  than  dthm’  die  positive-  or  the 
negative-bias  results  over  the  whole  range  o(  total  dose).  The  major  difEerenoe  is  diat  the  posi¬ 
tive-  and  negative-bias  responses  are  larger  by  about  14%  than  the  positive-  ami  negative-bias 
responses  ci  samples  nitrided  fm  60  sec.  This  can  be  explained  by  a  further  simultaneous  in¬ 
mease  of  hole  and  electron  traps  with  nitridatioa.  The  zero-bias  results  are  reduced  relative 
to  those  shown  in  Figure  2  and  may  be  explained  by  the  introduction  of  dectron  tn^. 


8 


Hgure  4  shows  the  radiation  response  for  samples  nitrided  at  1150*C  for  300  sec.  The  posi¬ 
tive*  and  negative-bias  results  are  almost  indistinguishable  from  the  negative-bias  result  for 
the  sample  nitrided  for  150  sec.  This  result  is  consistent  with  a  simultaneous  increase  in  the 
first  nuxnents  of  the  neutral  lu^  and  electron  tr^  distributimu 

The  radiation  resptmse  of  samples  nitrided  at  1050*C  for  120  sec  and  reooddized  at  1100*C  for 
30  sec  (see  Figure  5)  is  much  improved  over  that  of  the  contrd  oadde  (97  mV  full  scale  versus 
208  mV  full  scale).  This  result  can  be  esqplained  by  a  decrease  in  the  cmcentratimi  of  hole 
traps  in  the  dielectric  as  a  result  of  reooddation.  Note  that  the  zero-bias  radiatimi  response  is 
also  reduced  in  these  samples,  which  is  consistent  with  this  e3q>lanati(m. 

Altogether,  seme  39  nitrided  oxide  samples,  15  of  which  were  reoaddized,  were  irradiated  along 
with  6  osdde  control  samples.  The  role  of  nitridation  temperature  is  sununarized  in  Figure  6, 
which  shows  the  maximum  radiation-induced  effective  find  charge  versus  nitridatiem  temper¬ 
ature  for  all  samples.  Note  that  the  vertical  scale  is  logarithmic,  ffitrided  oxides  processed  at 
1050*C  are  better  (have  less  effective  fixed  charge)  on  average  than  those  process^  at  any  of 
the  other  temperatures  and  are  better  on  average  than  the  OHitrd  oxides  for  aU  biases. 

Furthermore,  the  reooddation  of  films  nitrided  at  1150*C  showed  only  marginal  improvement 
in  radiation  response  compared  to  the  ntxireoxidized  samples,  and  the  reooddatimi  of  ooddes 
nitrided  at  1100*C  degrade  the  radiation  response  slight^.  A  very  large  degradation  in  radi¬ 
ation  response  is  seen  in  reooddized  films  that  were  nitrid^  at  950*C.  Reooddized  films 


Figure  6.  Maximuni  effective  fixed  duuge  Cm  1  x  10^^  cni~^  vs  nitrida- 
ticMi  time.  The  plus  signs  represent  a  +  S-V  gate  bias  during  irradi- 
atkm,  crosses  denote  a  -S-V  gate  bias,  and  cbdes  denote  zero  gate 
bias. 
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nir  .ided  at  1Q50*C  shofw  a  substantial  decrease,  by  a  factor  of  2,  in  radiation  response  com- 
|Mred  to  the  contrcd  samples  and  by  far  exhibit  tt»  best  radiation  response  of  the  nitrided/re- 
oxidized  samples. 

In  the  tuxt  sectimi,  the  charge  trapping  model  of  Krantz  et  al.  [8]  is  summarized  and  extended 
to  charge  trapping  in  nitrided  oxide  films,  lb  aid  in  the  anafysis  of  the  measurements  cited 
above,  a  simulation  based  on  the  extended  theory  is  developed.  In  Section  IV  the  simulation 
results  are  discussed. 


ni.  THEORY  EXHa^SION/SIMUlATION 


A.  THEORY  SUMMARY 

It  is  convenient  to  begin  by  considering  the  continuity  equation  for  trapped  holes: 

dP-i<x,t)/dt  -  Od[E(x,t)ljp(x,t){P(x,t)-Pi<x.t)] 

-  ocIE(x,t)]  jn(x,t)  PT<x,t)  (1) 

-glx^x.t]]PT{x,t) 

where 

PT(x.t)  *  the  position  (x>-  and  time  (t)-dependent  trapped-hole  concentraticm, 

Od[E(x,t)]  »  the  local  electric-field  [E(x,t)]-dependent  neutral  (diptde-induced)  hole 
capture  cross  section, 

Oc[E(x,t)]  «  the  local  electric-field-dependent  couknnbic  electron  capture  cross  sectim, 
j{^x,t)  «  the  radiation-induced  hde  flux, 

jn(x,t)  «  the  radiation-induced  electrai  flux, 

P(x,t)  «  the  neutral  hc^trap  cmcoitration,  and 
g[x,E(x,t)]  «  the  WKB  tunneling  rate  for  holes. 

(For  a  discussion  of  the  details  of  the  charge  traf^nng  model  summarized  here,  refer  to  Krantz 
et  aL  [8].) 

The  first  term  in  Eq.  (1)  describes  hole  trapping  at  unoccupied,  neutral  hde  traps.  The  sec¬ 
ond  term  describes  electron  trailing  at  occupied  lK)le  traps  (i.e.,  ooulombic  electron  tr^). 
The  third  term  describes  the  tunneling  ci  boia  out  of  occupied  1k^  tnqw. 

The  sdution  of  Eq.  (1)  may  be  simi^ed  by  assuming:  that  (1)  the  electric-field  dependence 
of  the  tunneling  term  may  be  ignored  (in  the  WKB  approximation  the  tunneling  rate  is 
only  weakly  dependent  on  electric  fieidX  (2)  the  fidd  dependence  of  the  capture  cross  sections 
may  be  de^M  by  an  average  electric  fidd  [^,  and  (3)  the  neutral  hde-trap  coooentration  is 
time-independent 

'B>  effect  a  closed-form  solution  of  Eq.  (IX  the  valence-band  hole  and  conduction-band  dec- 
tron  continuiqr  equations  must  be  considered.  The  valence-band  hole  cootinui^  equation  mqr 
be  written,  assuming  a  constant  electric  fidd  in  terms  of  die  hole  flux,  thus: 
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'^‘djp(x,t)/dt  *  (Dh/Vp)  d2jp(x,t)/dx^ 

±  djp/dx  +  no  D«j>  -  CT(ijp(x,t)  (2) 

[P(x.t)-PT(x.t)] 


where 

Vp  »  the  velocity  of  holes  in  the  valence  band, 

Dh  »  the  diffusion  coefficient  for  valence-band  holes, 

no  =  the  radiation-induced  hole-generation  rate  (-8  x  10^  rad"^  cm“^), 

D  -  the  dose  rate  in  rads,  and 

4>  =  the  fraction  of  carriers  that  escape  recombination  (yield). 

(Note  that  the  field  dependence  of  the  capture  cross  sections  has  been  suppressed  for 
convenience.) 

The  first  term  on  the  right-hand  side  of  Eq.  (2)  is  due  to  diffusion.  The  second  term  on  the 
right-hand  side  is  the  field  dominated  term  (the  negative  sign  denotes  a  positive  electric  field 
and  the  positive  sign  denotes  a  negative  electric  field).  The  third  term  is  the  radiation- 
induced  source  term.  The  last  term  describes  the  loss  of  carriers  as  a  result  of  trapping  at 
unoccupied  hole  traps. 

The  measurements  cited  in  the  previous  section  were  done  under  steady-state  and  high 
electric-field  conditions.  Irradiations  were  performed  for  tens  of  seconds  or  longer.  As  tran¬ 
sit  times  for  electrons  and  holes  across  oxides  less  than  A  thick  are  on  the  order  of  frac¬ 
tions  of  picoseconds  and  fractions  of  microseconds,  respectively,  the  steady-state  assumption 
is  reasonable. 

At  high  electric  fields  the  second  term  of  Eq.  (2)  dominates  the  diffusion  term  throughout  the 
bulk  of  the  dielectric.  For  example,  the  diffiision  term  is  comparable  to  the  field  term  only 
within  a  distance  much  less  than  (kT/q)/E  from  the  boundaries,  where  the  mobile-hole  density 
approaches  zero.  At  0.1  MV/cm  and  room  temperature,  diffusion  dominates  at  distances 
much  less  than  30  A  from  the  boundaries.  Because  tunneling  of  charge  out  of  the  dielectric 
depletes  trapped  charge  tens  of  angstroms  into  the  dielectric,  the  details  of  the  valence-band 
hole  distribution  in  this  region  may  be  ignored  for  fields  of  the  order  of  0.1  MV/on. 

For  example,  for  the  positive-bias  measurements  (strong  accumulation)  a  +5-V  bias  dropped 
across  a  150-A  dielectric  layer  yields  an  average  field  of  +333  V/cm.  Negative  bias  (strong 
inversion;  after  a  0.7-V  drop  across  the  silicon  depletion  layer  is  accounted  for,  yields  an  aver¬ 
age  field  of  -2.88  MV/cm.  Even  at  zero  gate  bias,  a  ^ical  flat-band  voltage  of  -0.18  V  yields 
an  average  field  of  +0.12  MV/cm  across  the  dielectric.  Therefore,  the  diffusion  term  in 
Eq.  (2)  may  be  ignored. 
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Equation  (2)  may  be  simplified  further  by  considering  that  the  magnitude  of  the  trapping 
term,  the  last  term  on  the  right-hand  side  of  this  equation,  is  a  maximum  when  jp(x)  is  equal 
to  No  D<t>tflK  and  Pt(x)  is  equal  to  zero.  The  maximum  possible  error  introduced  neglecting 
the  trapping  of  valence-band  holes  (large  carrier  sweep-out)  is  equal  to  P(x)  ad  tax  and  occurs 
only  near  the  boundaries. 

The  capture  cross  section,  a^,  is  on  the  order  of  10^^^  cm^  (or  less)  and  toK  is  about  150  A. 

P(x)  may  be  estimated  from  the  data  cited  in  the  previous  section.  The  measured  effective 
fixed-charge  densities  at  large  doses  saturate  at  v^ues  typically  near  3.0  x  10^^  cm~^,  which 
yields  an  average  concentration  for  a  150-A  film  of  2.0  x  10^^  cm~^.  If  we  assume  that  at  satu¬ 
ration  most  of  the  neutral  hole  traps  are  filled,  2.0  x  10^^  cm~^  is  a  reasonable  estimate  of  P(x). 
)Mth  these  values  the  maximum  possible  error  introduced  by  ignoring  the  trapping  term  is 
3.0  X  10*^.  Therefore,  the  trapping  term  can  be  neglected. 

Under  these  conditions,  Eq.  (2)  can  be  solved  to  yield 

jp(x)  =  jo  ±  no  D4>x  (3) 

where  Jo  depends  on  the  boundary  conditions.  For  positive  gate  bias  (plus  sign)  the  hole  flux 
is  assumed  to  be  zero  at  the  gate  (x  =  0.0)  and  Jo  is  zero.  For  negative  gate  bias  (minus  sign) 
the  hole  flux  is  assumed  to  be  zero  at  the  dielectric/silicon  interface  (x  =  tox)  and  Jo  is  equal 
to  no  D4)to*. 

The  continuity  equation  for  the  conduction-band  electrons  may  be  similarly  solved  to  yieid  the 
electron  flux  for  positive  and  negative  electric  fields,  respectively: 

jn+(x)  =  "0  D<Ktox-x)  (4a) 

jn-(x)  =  no  D4>x  (4b> 

The  substitution,  of  Eqs.  (3)  and  (4)  into  Eq.  (2)  allows  for  a  solution,  assmning  there  is  a  con¬ 
stant  dose  rate  D  and  no  trapped  holes  are  present  at  t  -  0.0.  The  solution,  after  some 
manipulation,  for  the  dose-dependent  trapped-hole  distribution  under  positive  bias  is  given  by 

Pt  +  (x,D)  =  Wp  (X)  P(x){l-exp[-D/Dp  -i-  (x)]}  (5a) 


where 


Wp+(x)  =  ad  jp+(x)/[ad  jp+(x)  +  Oc  jp+(x)  +  g(x,E)]  (5b) 

and 

+  Dp+(x)  *  D/[ad  jp+(x)  ac  jn+(x)  +  g(x,E)]  (5c) 

and  the  quantity  Dt  has  been  replaced  by  the  total  dose  D.  A  similar  expression  results  for 
the  negative-bias  case. 
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The  effective  fixed  charge,  as  defined  in  the  previous  section,  is  the  first  moment  of  the  charge 
distribution  averaged  over  the  thickness  of  the  dielectric  layer.  Under  positive  bias,  the  eStec- 
tive  fixed  charge  is 


Peff+(D)  -  (l/t«)  J  X  PT+(x4>)dx  (6) 

A  similar  expression  results  for  the  case  of  negative  bias. 

B.  THEORY  EXTENSION 

Ws  assume  that  electron  traps,  presumabfy  at  nitix^n  sites  in  nitrided  aaddes,  can  be  de¬ 
scribed  as  neutral  (dipole-indued)  traps,  that  trapped  electrmis  act  as  cmilombic  hole  traps, 
and  that  the  tunneling  of  electrons  out  of  the  dielectric  can  be  described  by  a  WKB  tunneling 
rate.  Therefore,  the  trapped-electron  continuity  equation  is  analogous  to  Eq.  (1)  for  trapped 
holes. 

The  continuity  equations  for  valence-band  holes  and  conduction-band  electrons  are  similar  to 
Eq.  (2).  Under  steady-state  and  high  electric  fields  (including  the  large  sweep-out  of  carriersX 
Eqs.  (3)  and  (4X  for  the  radiation-induced  hole  and  electron  fluxes,  are  valid.  The  solution  of 
the  trapped-elMtron  continuity  equatimi  for  a  constant  dose  rate,  no  radiation-induced 
trapped  electrons  at  t  0.0,  and  positive  bias  yields 

Nt+(xJ))  -  W„+(x)  N(x){l  -  exp[-D/D„+(x)j}  (7a) 

where 

Wn+(x)  -  Oi  jn+(x)/[ad  j„+(x)+  Oc  jp+(x)  +  g(x,E)]  (7b) 

and 

D„+(x)  -  D/[adj„+(x)  +  Ocjp+(x)  (7c) 

vdiere,  for  ccmvenience,  the  tunneling  rate  for  electrcms  out  of  the  dielectric  is  assumed  to  be 
equal  to  the  tunneling  rate  for  holes.  In  this  case  N(x)  is  the  neutral  electrcm  trap  ooncentra- 
timi.  All  other  quantities  are  defined  as  befme.  A  similar  esq^ression  is  obtained  for  negative 
bias.  This  leads  to  an  esqjression  similar  to  Eq.  (6)  for  the  effective  electrcm  fixed  charge  (pos¬ 
itive  bias): 

Neff+(D)  -  (lAoiO  J  (X)  Nt+  (xj))  dx  (8) 

A  similar  expressiem  results  for  the  case  of  negative  bias. 

Whoi  both  neutral  hc^  and  electron  traps  are  present,  as  is  postulated  for  nitrided  oxides, 
the  net  effective  fixed  charge  (for  positive  bias),  Pnet-t-i  is  the  difiermoe  between  Ec]S.  (6)  and 
(8).  Thus, 
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Pnet+(D)  =  Pe£f+(D)  -  Ne£f+(D) 


(9) 


For  negative  bias  a  similar  result  is  obtained.  Experimentally,  if  midgap  voltage  shifts  are 
negative,  as  is  the  case  for  the  data  cited  in  the  previous  section,  then  Pnet±(D)  is  positive  and 
hole  trapping  is  dominant 

C.  DATA  SIMULATION 

Although  it  has  been  shown  that  neutral  hole  traps  are  due  to  oo^gen  vacancies  and  that  elec¬ 
tron  trapping  probably  occurs  at  nitrogen  sites  in  nitrided  oxides,  the  details  of  the  neutral 
hole-trap  and  neutral  electron-trap  distributions  are  unknown.  Therefore,  we  have  assumed 
that  these  distributions  can  be  simulated  by  separate  delta-function  distributions  of  the  form 

P(x)  *  NHo*d(x-XHo)  (10a) 

and 

N(x)  «  Neo‘<5(x-Xeo)  (10b) 

where  Nho  is  the  magnitude  (in  cm~^)  of  the  delta-function  neutral  hole-trap  distribution  and 
Xho  is  the  location  in  the  dielectric  of  this  distribution.  Similarly,  Neq  sitti  Xeo  the 
magnitude  and  location,  respectively,  of  the  delta-function  neutral  electron-trap  distribution. 

Although  this  is  a  rather  severe  assumption,  without  knowledge  of  the  neutral  hole-trap  or 
electron-trap  distributions  we  are  forced  to  use  stylized  trap  distributions  to  simulate  the  data. 
We  have  tried,  with  little  success,  to  simulate  these  data  with  constant  neutral  trap  distribu¬ 
tions.  This  approach  fails  because  the  assumption  of  a  constant  distribution  fixes  the  position 
of  the  first  moment  of  the  distribution  at  the  midpoint  of  the  dielectric.  This  turns  out  to  be 
more  restrictive  than  assuming  a  delta-function  distribution  that  allows  for  both  the  magni¬ 
tude  and  the  position  of  the  distribution  to  be  used  to  fit  the  data. 

It  will  be  shown  below  that  the  delta-function  distributions  simulate  the  data  reasonably  well 
and  that  the  comparison  of  the  fitting  parameters  defined  in  Eqs.  (10a)  and  (10b)  can  be  used 
to  describe  qualitatively  the  changes  in  the  neutral  trap  distributions  with  processing  (i.e.,  with 
nitridation  and  reoxidation). 

Substituting  Eqs.  (10a)  and  (10b)  into  Eqs.  (Sa)  and  (7a),  effecting  the  integrations  in  Eqs.  (6) 
and  (8),  and  evaluating  Eq.  (9)  yields  the  simulation  results  for  the  effective  fixed  charge  (posi¬ 
tive  bias): 

P.hn+(D)  »  Nho  Wp+(XHo){l  -  exp[-D/Dp+(XHo)l}  -  Neo  W„+(Xeo) 

{1-cxp[-D/D„+(Xbo)]}  (11) 

^ere  Wp.t.(x),  W„+(xX  I>p+(x),  and  Dn+(x)  are  defined  as  before.  A  similar  expressitm  is 
obtained  for  the  negative-bias  case. 
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The  total  dose  dependence  exhibited  in  Eq.  (11)  is  more  complicated  than  the  No[l  -  exp(-D/ 
Do)]  form  shown  in  Figures  1  through  4.  The  data  shown  in  those  figures  suggest  a  more 
complicated  form,  particularly  for  negative  bias,  as  the  data  consistent^  show  a  somewhat 
“stretched-out”  tot^-dose  response  compared  to  the  simple  curve  fits.  The  form  of  Eq.  (11) 
(and  the  negative-bias  equivalent)  allows  for  this  more  complicated  dependence. 

In  the  next  section  the  qualitative  features  of  these  simulations  will  be  compared  and  dis¬ 
cussed  in  light  of  the  data  shown  in  Figures  1  through  6.  All  values  of  the  model  parameters 
are  equivalent  to  those  used  previously  by  Krantz  et  al.  [8].  The  field  dependence  of  the  cap¬ 
ture  cross  sections  has  been  incorporated  and  the  average  electric  field  internal  to  the  dielec¬ 
tric  has  been  corrected  for  the  presence  of  trapped  charge. 
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IV.  DISCUSSION 


Figures  7  through  11  show  the  simulations  for  the  control  made  of  Figure  1  and  the  nitrided 
oxides  of  Figures  2  through  5. 

Figure  7  shows  the  simulation  for  the  control  sample.  No  electron  trapping  is  included  in  this 
simulation  (i.e.,  NEq  =  0.0).  The  positive-bias  response  is  larger  than  the  negative-bias 
response  over  the  whole  range  of  total  dose.  This  corresponds  to  the  data  shown  in  Figure  L 
A  slightfy  different  dose  dependence  is  seen  for  the  positive  and  negative  biases  (i.e.,  the  nega¬ 
tive-bias  response  saturates  at  a  slightly  lower  dose).  This  difference  is  due  to  the  effect  of  the 
field  on  the  capture  cross  sections.  At  -1-5  V  the  field  across  the  oxide  is  333  MV/cm, 
whereas  at  -5  V  the  field  is  -2.88  MV/cm,  as  a  result  of  a  voltage  drop  of  about  0.7  V  in  the 
silicon  depletion  layer.  At  these  fields  the  coulombic  electron-capture  cross  sections  are  rela¬ 
tively  constant.  The  neutral  dipole  hole-capture  cross  sections  are  several  percent  smaller  at 
the  larger  field.  This  causes  the  positive-bias  response  to  saturate  at  a  slightly  lower  dose 
than  the  negative-bias  response. 

The  zero-bias  results  are  lower  than  either  the  positive-bias  or  negative-bias  results,  as  a  result 
of  geminate  recombination.  The  relatively  small  electric  field  in  the  dielectric  at  zero  bias, 
about  +0.12  MV/cm,  separates  only  some  30%  of  the  radiation-generated  charge.  The  rest  of 
the  charges  recombine  before  separation  and  trapping  can  occur. 

In  Figure  8  the  simulation  for  the  oxide  m'tridized  at  1150*C  for  60  sec  is  shown.  The  parame¬ 
ters  used  to  simulate  these  data  are  shown  in  the  figure.  The  position  of  the  neutral  hole-trap 
distribution,  Xho>  bas  been  held  constant.  The  addition  of  electron  trapping  causes  the 
negative-bias  radiation  response  to  exceed  the  positive-bias  results,  lb  simulate  these 
responses,  a  neutral  electron-trap  delta-function  distribution  near  the  gate  is  necessary. 

Under  positive  bias,  substantial  electron  trapping  occurs  near  the  gate,  a  result  of  the  rela¬ 
tively  birge  concentration  of  electrons  available  for  trapping.  Under  negative  bias,  little  elec¬ 
tron  trapping  occurs  because  the  concentration  of  electrons  in  the  conduction  band  available 
for  trapping  is  small  at  Xeq-  Therefore,  the  negative-bias  radiation  response  is  larger  because 
there  is  not  enough  electron  trapping  to  mitigate  the  effects  of  hole  trapping.  The  zero-bias 
response  is  still  dominated  by  geminate  recombination. 

For  the  magnitudes  of  the  simulated  results  shown  in  Figure  8  to  correspond  roughly  to  the 
data  shown  in  Figure  2,  a  hole-trap  concentration  of  3.44  x  1012  cm~^  was  assumed.  The  neu¬ 
tral  hole-trap  concentration  is  larger  than  that  used  for  the  control  oxide  simulation  shown  in 
Figure  7.  It  may  be  inferred  from  this  result  that  nitridation  creates  not  only  electron  traps 
but  also  hole  traps  as  well. 

Figures  9  and  10  show  simulations  for  samples  nitrided  at  1150*C  for  150  and  300  sec,  respec¬ 
tively.  In  the  case  of  the  simulation  of  the  data  for  the  samples  nitrided  for  150  sec,  the  con¬ 
centration  of  both  the  neutral  electron  and  neutral  hole  traps  must  be  increased  for  the 


17 


charge 


30 


“) 

2oJ 

. . 

isj 

lb- 


o 

JC 


7.  Si 


^OTALOOSe 


Simulat 


(MradfSt)] 


^ofthcdatasho*-- 

»showiimF^I 


Stootato, 


[MracJ(Si)j 


18 


35 


%are9. 


^^alatioo 


/Mnw(soj 


*ownin 


Pigare3. 


19 


14 


P- 


-5  voto  Cot, 
JED -2.11*  iota 


—““'own  in  Figure  5. 

simulation  shown  in  p;  "*ndation  creates 


“^“Rgurellareu..  •  .  "“te ■>»« 

ainndai  in  ,i!:“.‘*^hote.tnp.^^.”  ?";■■■■{«,,,  to  the  fee, 

A««hownimhMel.s„  "““^sX-oabtel 
®^uJation  results  inH^  **®Ples  were  nitrided  far 

'^‘““““"“olsampfex 


20 


Also,  the  position  of  both  distributions  moves  deeper  into  the  dielectric  with  nitridation  time 
(i.e.,  Xho  ^EO  increase  with  nitridation  time). 

Shown  in  the  third  column  of  lable  1  are  the  products  of  the  magnitude  and  position  of  the 
neutral  hole-trap  and  neutral  electron-trap  distributions.  This  quantity  corresponds  to  the 
average  first  moment  of  the  delta-function  distribution.  As  expected  from  the  results  in  col¬ 
umns  1  and  2,  this  quantity,  for  both  hole  and  electron  traps,  increases  with  nitridation  time 
also.  The  last  row  of  Ikble  I  shows  the  simulation  results  for  a  reoxidized,  nitrided  oxide  sam¬ 
ple.  Both  the  neutral  hole-trap  and  neutral  electron-trap  concentrations  are  reduced  relative 
to  any  of  the  nitrided  samples,  and  the  values  of  Xho  ^£0  same  as  the  values  for 

the  samples  nitrided  for  60  and  150  sec. 

Although  only  a  semiquantitative  correspondence  is  possible  between  the  simulated  results 
and  the  data,  we  can  explain  the  qualitative  aspects  of  the  experimental  results  in  terms  of 
only  Nho,  NeO'  Xho>  Xeo-  ^  meaningful  quantitative  comparison  to  be  made 
between  the  theory  and  the  experimental  results,  the  details  of  the  neutral  hole-trap  and  neu¬ 
tral  electron-trap  distributions  must  be  known. 

Ikble  1.  Summarization  of  Simulation  Results 


Samples 

Nho  (Neo) 
cm** 

Xho/Icb 

(XEo/tos) 

NhoXho/Wj 

(NeoXeo/W) 

cm** 

Control 

2.35  X  10‘* 

0.57 

L33  X  10“ 

(0.0) 

— 

(0.0) 

Nitrided 
(RTN  1150*0 

60  sec 

3.44  X  10‘* 

0.57 

1.96  X  10“ 

(3.89  X  10“) 

0.15 

(5.84  X  10“) 

150  sec 

4.25  X  10“ 

0.57 

4.42  X  10“ 

(4.89  X  10**) 

(0.15) 

(7.33  X  10**) 

300  sec 

6.36  X  10** 

0.65 

4.13  X  10’* 

(L08  X  10**) 

(0.20) 

(2.16x10**) 

Recoddized 

(RTN  1050*C 

Z34xl0“ 

037 

U3xl0** 

ReoK  120  sec) 

(3.17  X 10**) 

(0.15) 

(4.76  X  10“) 
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V.  SUMMARY 


We  have  reported  the  results  of  total-dose  testing  of  thin  nitrided  oxides  that  have  been  nitri- 
dized  at  temperatures  of  950, 1050, 1100,  and  1150*C  for  nitridation  times  of  45  to  300  sec. 

The  radiation  response  of  these  nitrided  oxides  was  compared  to  that  of  an  unnitridized,  radi¬ 
ation  hard,  control  oxide.  \^ous  nitridized  oxides  were  reoxidized  for  30  sec  at  1150*  C  and 
total-dose  irradiated.  These  results  were  compared  to  those  of  the  nonirradiated  control  and 
nitrided  oxides. 

The  data  show  that  nitrided  oxides  nitridized  at  950*  C,  whether  reoxidized  or  not,  acciunu- 
lated  substantially  more  fixed  charge  than  either  the  control  oxides  or  any  of  the  other  nitri¬ 
dized  oxides.  Samples  nitrided  at  1100  or  1150*C,  reoxidized  or  not,  exhibited  a  radiation 
response  similar  to  that  of  the  control  oxides.  On  average,  the  reoxidation  of  oxides  nitrided 
at  1050*  C  accumulated  less  fixed  charge  than  did  the  controls. 

To  aid  in  the  analysis  of  these  results,  the  radiation-induced  charge-trapping  model  of  Krantz 
et  al.  [8]  was  extended  to  include  electron  trapping  and  applied  to  the  experimental  data,  using 
delta-function  neutral  trap  distributions,  to  simulate  the  results.  Parameters  derived  from  the 
simulation  were  used  to  interpret,  qualitatively,  trends  in  the  data  in  terms  of  electron-trap 
and  hole-trap  distributions. 

The  simulation  results  indicate  that  (1)  the  nitridation  of  oxides  creates  hole  traps  as  well  as 
electron  traps,  (2)  the  location  of  hole  and  electron  traps  depends  on  nitridation  time,  and 
(3)  the  concentration  (and  location)  of  hole  and  electron  traps  depends  on  whether  or  not 
nitridized  oxides  are  reoxidized. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security  programs, 
specializing  in  advaiKed  military  space  systems.  The  Corporation’s  Techiralogy  Operations  supports  the 
effective  and  timely  development  and  operation  of  national  security  systems  through  scientific  research 
and  the  application  of  advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staffs 
wide-ranging  expertise  and  its  ability  to  stay  abreast  of  new  technological  developments  and  program 
suf^rt  issues  associated  with  rapidly  evolving  space  systems.  Contributing  capabilities  are  provided  by 
these  individual  Technology  Centers; 

Electronics  Technology  Centen  Microelectronics,  solid-state  device  physics,  VLSI 
reliability,  compound  semiconductors,  radiation  hardening,  data  storage  technologies, 
infrared  detector  devices  and  testing;  electro-optics,  quantum  electronics,  solid-state 
lasers,  optical  propagation  and  communications;  cw  and  pulsed  chemical  laser 
development,  optical  resonators,  beam  control,  atmospheric  prt^>agation,  and  laser 
effects  and  countermeasures;  atomic  frequency  standards,  applied  laser  spectrosct^, 
laser  chemistry,  laser  optoelectronics,  phase  conjugation  and  coherent  imaging,  solar 
cell  physics,  battery  electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center  Evaluation  aixl  characterization  of  new 
materials:  metals,  alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of 
carbon;  development  and  analysis  of  thin  films  and  deposition  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  development  aitd  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch 
vehi^  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  chemical  and 
electric  precision;  spacecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomechanics,  gas  kinetics  and  radiation;  lubrication  and  surfoce 
phenomena. 

Space  and  Eaviroament  Tcchaology  Ccatcn  Magnetoqjheric,  auroral  and  cosmic  ray 
physics,  wave-partkle  interactions,  magnetospheric  plasma  waves;  atmospheric  and 
ionospheric  physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing 
using  atmospheric  radiation;  solar  physics,  infrared  astronomy,  infrared  signature 
analysis;  effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  earth’s 
atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  particulate 
radiations  on  space  systems;  space  instrumentation;  propellant  chemistry,  chemical 
dynamics,  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-^Kdfic  chemical  reactions  and  radiative 
signatures  of  missile  plumes,  and  sensor  out-of-field-of-view  rejection. 


